A coal-rock (CR) combined body can be used to simulate structures of coal and rock strata, and its impact-induced failure characteristic conforms more close to engineering practice. Exploring the mechanical properties and impact energy in a CR combined body contributes to better predictions of rock bursts in coal mines. In the study, the mechanical properties of CR combined bodies with four different inclinations (0°, 15°, 30°, and 45°) of structural planes were measured, and also their failure mechanism was analysed. Based on the theory of particle mechanics, a calculation model for impact energy in a CR combined body with inclinations was established and then verified by using monitored acoustic emission (AE) data. e test results showed that inclination affected mechanical properties and failure characteristics of the CR combined body, i.e., the larger the inclination, the lower the strength and impact energy in the CR combined body and the lower the level of damage. e proposed calculation model for impact energy revealed the mechanical essence of energy accumulation and release of a CR combined body, providing a reference for investigating rock burst in coal mines.
Introduction
Rock bursts in coal mines are a dynamic disaster induced by failure of coal and rock masses and release much energy [1, 2] . Mechanical properties of coal and rock masses are considered to be the basis for exploring rock bursts in coal mines [3, 4] . At present, the mechanical parameters and impact-induced failure characteristics of coal and rock are generally tested by applying stress on pure coal (PC) and pure rock (PR) specimens; however, mining spaces are integral structures composed of CR combined bodies. If only PC and PR are separately investigated, structural planes and interaction of coal and rock masses will be ignored, therefore, mechanical properties and failure process of PC and PR specimens fail to reflect the actual condition of failure [5] . Additionally, a CR combined body contains two materials, and the calculation method for the impact energy in the CR combined body certainly differs from that for PC and PR. Hence, exploring the impact-induced failure and energy evolution of a CR combined body is conducive to investigating the generation of rock bursts in coal mines.
To explore the mechanical essence of accumulation and release of impact energies in a CR combined body, it is necessary to first investigate the mechanical properties and failure mechanism of CR combined specimens (Figure 1 ). By measuring the mechanical properties of CR combined specimens, Liu et al. [6] investigated the effect of material strength on failure mode of specimens. Wang and Du [7] measured the mechanical properties of a CR combined body under unloading conditions and found that a CR combined body is more prone to deformation and failure during unloading. Du et al. [8] studied the mechanical properties of a CR combined body containing gas, and the results demonstrate that a CR combined body has a higher strength than PC and expands outwards upon unloading. Liu et al. [9] measured the mechanical properties of a CR combined body and established the corresponding damage constitutive model thereof. Huang and Liu [10] discussed various mechanical behaviours of CR combined specimens under different loading rates. Guo et al. [11] measured strengths of a CR combined body with various inclinations of its structural planes and described the failures therein. e aforementioned research is expected to provide a reference for measurement of the mechanical properties of a CR combined body in the laboratory.
Two methods (laboratory monitoring and numerical simulation) are frequently applied in such research into the energy release from coal and rock masses [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . By monitoring the acoustic emission (AE) energy in coal masses during loading and unloading, Wang et al. [22] found that energy release of coal masses is related to the fractures therein. Meng et al. [23] suggested that energy release is correlated with loads while being unrelated to loading rate by monitoring AE events under uniaxial load. By utilising PFC numerical simulation software, Lin et al. [24] investigated the crack propagation and energy release in coal masses under different lateral pressure coefficients. By using PFC numerical simulation software, Jin et al. [25] discussed the effect of initial cracks on energy release in rocks and found that the energy released from rock approximately rises with increasing angle of cracks to the loaded axis. Additionally, some scholars also investigated the energy release from a CR combined body. Lu et al. [26] discussed the energy release and vibrational characteristics of a CR combined body by using a microseismic monitoring instrument. e result showed that the vibrational signals recorded before impact-induced failure exhibit remarkable precursory characteristics indicative of a rock burst. Tan et al. [27] explored the effect of the homogeneity of a CR combined body on AE energy by PFC numerical simulation software. e result indicated that the stronger the homogeneity of coal and rock masses, the larger the rock burst tendency of a CR combined body. e aforementioned research indicates that structure of a CR combined body, loading mode, and material characteristics affect the failure and energy release of coal and rock.
Above all, failure characteristics of a CR combined body are more consistent with engineering practice. erefore, exploring the failure characteristics and impact energies of a CR combined body is conducive to revealing the evolution of a rock burst in coal mines. In the study, mechanical properties of CR combined bodies were tested, and its failure mechanism were analysed. Failure process of the specimens was monitored through the use of an AE monitoring system and high-speed photography [28, 29] . Furthermore, a calculation model for impact energies in a CR combined body with inclinations was proposed to reveal the mechanical essence of the energy release. e results can provide new ideas and methods for exploring and predicting rock bursts in coal mines.
Test Process

Preparation of Specimens.
Coal mass and rock used in the test were taken from coal seams and roof strata, with strong rock burst tendency, in a coal mine in Inner Mongolia Autonomous Region, China. e fundamental mechanical properties of materials are listed in Table 1 . e structures of the CR combined body are displayed in Figure 2 . e specimens measured 50 mm × 50 mm × 100 mm, and the thickness δ of each coal section was 20 mm. CR combined specimens were bonded with a resin-anchoring agent for bolts used in mines. e serial number of the specimens was represented by a combination of sample types (CR, PC, and PR refer to CR combined specimens, pure coal specimens, and pure rock specimens, respectively), inclinations α (i.e., 0-0°, 15-15°, 30-30°, and 45-45°) of a coal section, and sequence number (1, 2, or 3) . According to the characterisation requirements for specimens recommended by the International Society for Rock Mechanics and Rock Engineering (ISRMRE), the specimens were ground. e unevenness of the two end faces of the shaped specimens was less than 0.05 mm, and the volumetric error was within ±2500 mm 3 .
Testing and Verification
Test Method.
A uniaxial compression test was carried out on the CR combined specimens along the axial direction. e axial stress on the specimens is expressed as follows:
where σ, P, and S denote axial stress (MPa), the load (N) applied, and cross-sectional area (mm 2 ) of the specimens, respectively. e axial strain on the coal section could be indirectly attained by measuring the amount of deformation of specimens and the strain on rock and expressed as follows [9] :
where ε c , Δl, and ε r represent the axial strain in a coal section, the amount (mm) of axial deformation of CR combined specimens, and axial strain in the rock, respectively; l c and l r denote the axial height (l c � δ/cos (α) mm) of the coal section and axial height (l x � l − l c ) of the rock, respectively. By monitoring the AE energy in the loading process, the cumulative AE energy is given by
where E AE refers to the cumulative AE energy (ms·mV) in specimens during the entire loading process and E AEi represents the AE energy (ms·mV) of a single fracture event.
2.2.2.
Equipment. An MTS-C64.106 electrohydraulic servo universal testing machine was used to apply load on the specimens; it had a maximum vertical load of 1000 kN and a displacement resolution of 0.2 μm. e AE was monitored by employing a PCI-2 multichannel AE system. Moreover, the strain on the specimens was acquired by using an AKE-MONDTSK-32-8C strain measuring instrument, with the resistance of all strain gauges being 120 Ω. e monitoring devices were connected as shown in Figure 3 .
On condition that the strength of structural plane of coal and rock was too low, the specimens with a large inclination α would slide along the structural plane before being damaged. As a result, mechanical properties of CR combined specimens could not be attained. To prevent incorrect test data induced by slippage and failure of structural planes, two iron plates were fixed on the two sides of the specimens by using four screws, and also four axial force sensors were separately installed on a screw, as shown in Figure 4 . e sensor with the measurement range of 0 to 5 kN had a sensitivity of 5‰ (25 N). Before failure of a specimen, if the axial force on a single screw exceeded 50 N, the specimen was supposed to slide, resulting in an erroneous test result. e spacing between the specimen and iron plate was between 1 and 2 mm so that the specimen was not affected by iron plates, and the AE sensor can remain in close contact with the surface of the specimen after crossing the iron plates.
Verification Methods.
In the present study, load, strain, and AE energy were monitored. According to equation (1), the axial stress σ on the specimens was calculated, and then the maximum axial stress is taken as the strength σ cr of the specimens, that is, σ cr � max σ { }. On this condition, the strengths of different specimens need to satisfy the following equation:
where V Ei , σ cri , and σ cr refer to the coefficient of standard deviation of the strength of specimens, the strength (MPa) of Figure 3: Loading monitoring system. 1, AE monitoring system; 2, monitoring system for axial force; 3, strain monitoring system; 4, iron ore; 5, axial force sensor; 6, strain gauge; 7, AE sensor; 8, iron plate; 9, specimen; 10, upper pressurised cylinder; 11, steel prop to avoid eccentricity; 12, lower pressurised cylinder; and 13, base of the press machine. 4 Advances in Civil Engineering specimens and the mean strength (MPa) of a group of specimens, respectively. Eight AE sensors were fixed to the surfaces of all specimens. Afterwards, the cumulative AE energies in each channel were screened by using the following equation:
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where V Ei and E AEi represent the coefficient of standard deviation of cumulative AE energy and cumulative AE energy (ms·mV) of the ith channel during the entire loading process, respectively; E AE denotes the mean (ms·mV) cumulative AE energy in all channels. When the coefficient V Ei of the standard deviation of cumulative AE energy in a certain channel does not satisfy equation (5), the monitoring result of the channel was eliminated, and the coefficient V Ei of standard deviation of the cumulative AE energies in the other channels was calculated. No less than six sets of data should be involved in calculation here to prove satisfaction of equation (5); otherwise, it is considered that the monitoring data of AE energy were subject to significant errors.
Test Procedure and Results
Test Procedure.
According to the recommendation of the International Society for Rock Mechanics and Stipulations in the Methods for Test, Monitoring, and Prevention of Rock Burst for the coal industry in China, a load-controlled method of testing was adopted. e specimens were subjected to the uniaxial loading test on the electrohydraulic servo universal testing machine, at the loading rate of 0.5 MPa/s (1.25 kN/s) and the frequency of data acquisition of 1000 Hz. By using the AE system, the AE energy in specimens was monitored, with the sampling frequency of 500 kHz, the threshold of 40 dB, and a operating frequency of 100-400 kHz. Moreover, the PDT, HDT, and HLT were set to 50, 200, and 300 μs, respectively. e sampling frequency of the strain measuring instrument was 2 Hz. In the test process, the failure process of specimens was recorded by using a NAC Memrecam HX-7s high-speed camera at a frequency of 1000 Hz.
Test
Results. e statistical parameters pertaining to the strength of the specimens are listed in Table 2 . e coefficients of standard deviation of the strength on different specimens all satisfy equation (4) . e cumulative AE energies during the entire loading process are listed in Table 3 , and the coefficients of standard deviation of cumulative AE energies in various specimens all satisfy equation (5) . e strengths and cumulative AE energies in specimens with the same structures were consistent; this indicated that the initial cracks in rock and coal section had no significant effect on the test results, and the test method was thus verified as being effective. Table 2 , it can be seen that the strength of CR combined specimens ranged from 12.5735 to 35.3115 MPa. With increasing inclination of structural planes, the strength of CR combined specimens declined. e strength of CR combined specimens differed from those of PC and PR, and inclination could directly determine the change in strength of CR combined specimens. Figure 5 shows the stress-strain curves of specimens with different structures. PC specimens and CR combined specimens (Figures 5(a) and 5(c)-5(f )) underwent a significant compaction stage in the initial loading process, while PR specimens ( Figure 5 (b)) exhibited linear stressstrain behaviour. e loading of a CR combined body could be divided into three stages: a compaction stage, an elastic stage, and a failure stage. e stress-strain curve in the compaction stage is wavy or arcuate. In this stage, initial microfractures in coal masses are closed, bringing the structure of the CR combined body to the stage of dynamic adjustment. e stressstrain curve in the elastic stage is an inclined line. In this stage, the CR combined body has a stable structure and accumulates much elastic energy. e failure stage appears at, and after, reaching peak stress. e stress-strain curves of CR combined specimens are similar to those of PC and PR specimens, all showing no residual strength. Due to the strong rock burst tendency of such a coal mass and its surrounding rock, CR combined specimens were suddenly fractured and damaged when loaded to their ultimate strength [30] .
Mechanical Properties. According to
Parameters of deformation characteristics of each combined specimen are listed in Table 4 . With increasing inclination, the maximum strain of CR combined specimens decreased. When the inclination increased, the axial elastic modulus of the coal section decreased, while the axial elastic modulus and Poisson's ratio of the rock section increased. In other words, the greater the inclination, the lower the stiffness of the coal mass in such combined specimens, while the stiffer the rock mass. Compared with CR combined Advances in Civil Engineering specimens with an inclination of 0°, the coal section and rock section in CR combined specimens with an inclination of 45°exhibited the most significant changes in mechanical properties; the axial elastic modulus and Poisson's ratio of the rock section separately increased by 7.74% and 45.45%, while the axial elastic modulus of coal section decreased by 18.03%; therefore, the greater the inclination, the more the mechanical properties of such a coal mass were weakened, which led to a lower stiffness of the CR combined body.
Failure Characteristics.
e corresponding relationships between AE energy and axial stress on specimens with different structures are illustrated in Figure 6 . PC, PR, and CR combined specimens all developed a small number of microfractures and also emitted low AE energies from the initial loading stage to that before peak axial stress. At peak axial stress, the cumulative AE energies in different specimens suddenly increased, and then the energies were synchronously released within a short time, thus exhibiting impact characteristics. e impact-induced failure processes of different CR combined specimens are shown in Figure 7 . e figure displays the impact-induced failure conditions at peak axial stress and final failure stage. Coal and rock sections in CR combined specimens with inclinations of 0°and 15°developed interconnected fractures at peak axial stress. In contrast, rock sections in CR combined specimens with inclinations of 30°and 45°did not undergo failure. e general level of damage of the CR combined specimens declined with increasing inclination.
Failure Mechanism
Stress and Failure Mechanism.
To explore the accumulation and release of impact energy in the combined body, it is necessary to investigate the stress conditions causing the failure of the CR combined body. As shown in Figures 5(a) and 5(b), the stress-strain curves of PR specimens were quasilinear throughout the loading process. In contrast, although PC specimens were slightly compacted in the initial loading stage, the corresponding stress-strain curves in the middle and later loading stages were also quasilinear; therefore, when analysing the stress before the failure of CR combined specimens, the coal and rock sections were regarded as having a quasilinear constitutive relationship [31] . e stress on CR combined specimens is shown in Figure 8 (a). e loading system applied axial stress σ along the specimens, and then the stress was transferred to the coal section through the rock section. A coordinate system was established along the structural planes and the direction normal to the structural planes; the stress on coal section is shown in Figure 8 (b) (where σ xc � σ cos(α) and τ xyc � σ cos(α)). e deformation of each coal section was constrained by the rock section through structural planes under the constraint imposed by stress τ s , as shown in Figure 8 (c). Before failure, the strain in the coal section was consistent with that in the rock section along the structural planes, so
where ε yc and ε yr refer to strains on coal and rock section along the direction of the structural planes, respectively. According to elastic theory,
where μ c and μ r denote Poisson's ratios of coal and rock sections, respectively. Coal and rock sections were under three-dimensional stress states, and according to the Mohr-Coulomb strength criterion, the failure condition of the coal section is presented as follows:
where σ 1c denotes the maximum principal stress (MPa) on the coal section in a CR combined specimen; ξ c represents the slope of the straight line of coal section based on the Mohr-Coulomb strength criterion; and σ 3c refers to the minimum principal stress (MPa) on the coal section in CR combined specimens. Moreover, σ 1c and σ 3c could be calculated as follows:
By substituting material parameters in Table 1 into equations (8) and (9), the axial stress σ required for failure of the coal section in CR combined specimens could be attained as follows:
. (10) Similarly, the axial stress σ required for the failure of a rock section was calculated as follows:
. (11) Owing to the axial stress (σ cr-c ) triggering the failure of a coal section being lower than that (σ cr-r ) leading to failure of the rock section, the theoretical strength of CR combined specimens was calculated by using equation (10) .
Verification.
e strength of CR combined specimens was predicted by using equation (10) , and the predicted and measured values are listed in Table 5 . To evaluate the error between predicted and measured values, the relative error was introduced:
where v, x, and μ x denote the relative error between predicted and measured values, measured and predicted values, respectively. e relative error of various specimens was between − 4.94 and 6.34, implying that the aforementioned stress analysis on CR combined specimens conformed to actual conditions. According to equation (10) and the measured result, it can be found that the strength of a CR combined body was mainly determined by the inclination of the structural planes; the larger the inclination, the lower the strength of the specimens. Figures 6(c) to 6(f ), energy release occurred throughout the loading process of CR combined specimens, and microfractures were constantly generated, therein AE energy exhibited a high discreteness, which indicated that the microfracturing degree of specimens also showed a high discreteness. To quantify the Advances in Civil Engineering process of energy release in specimens, according to the theory of particle mechanics, it is supposed that the relationship between uniaxial strength (σ) and volume density (f(σ)) of particulate elements of coal and rock masses is expressed as follows [32] [33] [34] :
Calculation Model for Impact Energy
Calculation Model. As shown in
where λ represents the strength-volume rate parameter of particle elements. It is supposed that particle elements exhibited a linear-elastic constitutive relationship, and their energy density is expressed as follows [35] :
where e E denotes the energy density (MPa) of particle elements. Before the impact-induced failure of CR combined specimens, with increasing load, cumulative energy released from coal or rock masses was governed by equation (15) on condition that the particulate element with uniaxial strength of σ was damaged:
where E ′ represents the cumulative energy released (10 − 3 J) from coal or rock masses before impact-induced failure and V represents the volume (mm 3 ) of the coal or rock masses. By substituting equation (13) into equation (15) , the cumulative energy release before impact-induced failure of coal and rock sections is as follows:
When impact-induced failure of CR combined specimens occurred, the impact energy (E b ) released from coal or rock masses was equivalent to the elastic energy accumulated in unbroken particle elements (with uniaxial strength larger than σ b ). us,
Hence, the calculation model for impact energy (E ber ) in a CR combined body with inclinations of structural planes is expressed as follows:
where E ber denotes the impact energy (10 − 3 J) of the CR combined body with inclinations of structural planes, e Ec and e Er represent energy densities (MPa), V c and V r represent the volumes (mm 3 ), while λ c and λ r denote the strength-volume rate parameters, of coal and rock masses, respectively, and σ bc and σ br denote the uniaxial strength (MPa) of particle elements, of coal and rock masses, which were fractured immediately before impact-induced failure of the CR combined body, respectively. 
where E AE , n, and E e represent AE energy (ms·mV), AE energy conversion coefficient (ms·mV/10 − 3 J) and energy (10 − 3 J) released from specimens, respectively. It can be seen from Figure 5(b) that, the stress-strain curve of PR specimens was approximately linear, and the energy E e released from the PR specimens can be approximately equivalent to the elastic energy accumulated in the specimens. us, according to equation (14) , the elastic energy accumulated in the PR specimens is expressed as follows:
us, the cumulative energy released from PR specimens during the entire loading process was calculated by using equation (20) . e cumulative energy (E e ) released from of different rock specimens and corresponding cumulative AE energy (E AE ) are listed in Table 6 .
rough calculation (equation (19) , the AE energy conversion coefficient (n) of different PR specimens ranged from 13.435 to 14.249 ms·mV/10 − 3 J, and its mean (13.796 ms·mV/10 − 3 J) was used as the conversion coefficient here.
Strength-Volume Density Constant of Coal and Rock.
In accordance with equation (16) , the cumulative energy releases E c ′ and E r ′ of PC and PR specimens before impactinduced failure were separately calculated as follows:
According to equation (19) , the cumulative AE energies of PC and PR specimens before impact-induced failure were separately obtained as follows:
Under uniaxial loading, PC and PR specimens were only subjected to axial load. Based on equation (14) , the energy densities of PC and PR specimens were separately shown as follows:
By separately fitting the curves of cumulative AE energies in PC and PR specimens before impact-induced failure by using equations (23) and (24), the strength-volume rate parameter λ c and λ r of coal and rock masses could be attained. e impact energies in specimens were equivalent to the energy released by all particle elements with uniaxial strength greater than σ, which is beyond the range of datafitting adopted here. Owing to dynamic failure times of different specimens all being less than 200 ms, the fitting data range was deemed to be from the beginning of loading to 200 ms before reaching the peak stress. e fitting curves are shown in Figure 9 .
e fitting results of different specimens are listed in Table 7 : R 2 for data from PC and PR specimens was between 0.94365 and 0.97692, and equations (21) and (22) can accurately describe the process of energy release of specimens before impact-induced failure. e strength-volume rate parameters λ c and λ r of coal and rock masses were separately valued as their corresponding means (0.02557 and 0.00156).
Prediction of Cumulative AE Energies before Impact-
Induced Failure
Fracturing Conditions and Energy Density of Particle
Elements in CR Combined Specimens. Based on the analysis presented in Section 3, coal and rock sections in CR combined specimens are under plane stress. Based on equations (6) ∼ (9), the failure condition of particle elements of coal sections with strength σ bc in CR combined specimens is as follows: 12 Advances in Civil Engineering e failure condition of particle elements of rock sections with strength σ br was obtained as follows:
where
Equations (28) and (29) separately show the energy densities e Ec and e Er of particle elements in coal and rock sections within CR combined specimens:
Cumulative
Energy before Impact-Induced Failure. e cumulative energy releases from coal and rock section in CR combined specimens with inclinations of structural planes before impact-induced failure are separately expressed as follows:
e cumulative energy release (E cr ′ ) before impact-induced failure of CR combined specimens with different inclinations is the energy jointly released from coal and rock specimens, so the following equation could be obtained as follows:
According to equation (19), the corresponding cumulative AE energy (E cr− AE ′ ) before impact is given by: Advances in Civil Engineering 13
Parameters pertaining to the mechanical properties of coal and rock masses in Table 1 , the strength-volume density constant in Table 7 , and equations (27) ∼ (33) were substituted into equations (30) and (31) , and AE energy conversion coefficient n � 13.7962 was substituted into equation (32) . Based thereon, the predicted curves of cumulative AE energy before impact-induced failure of CR combined specimens with different inclinations of structural planes can be obtained. e measured values of AE energies and measured and predicted curves of cumulative AE energies before impact-induced failure of CR combined specimens with different inclinations of structural planes are summarised in Figure 10 . e AE energy exhibited a high discreteness, while the curve of cumulative AE energy showed strong regularity and was consistent with the predicted curve. e cumulative AE energies before impactinduced failure of CR combined specimens with different inclinations of structural planes were predicted, and the data were compared with the measured value (Table 8) , with a relative error between − 7.6 and 7.6.
Prediction of Impact Energy.
In accordance with equations (6) ∼ (9), when CR combined specimens were damaged, the minimum strengths of unfractured particle elements of coal and rock sections are separately given by
σ br � ξ r + 1 cos(α) e cumulative elastic energy densities in unfractured particle elements in coal and rock sections separately are given by e Ec � 2 + 2μ c − cos 2 (α) 2μ c (m + 1) 2 − 2m 2 + 1 2E c σ 2 cr ,
e Er � 2 + 2μ r − cos 2 (α) 2μ r (m − 1) 2 − 2m 2 + 1 2E r σ 2 cr . (37) e AE impact energy E bcr− AE of CR combined specimens could be predicted by using the following equation E bcr− AE � n e Ec V c e − λ c σ bc + e Er V r e − λ r σ br .
(38)
By substituting equations (34) ∼ (37) into (38), the predicted value of AE impact energy in CR combined specimens was obtained. e measured value of AE impact energy was equivalent to the cumulative AE energy within 200 ms before, and after, reaching peak stress. As shown in Table 9 , compared with the predicted value, the relative error of the measured values of AE impact energies in different CR combined specimens ranged from − 8.9 to 4.8. With increasing inclination, the impact energy in CR combined specimens decreased.
Analysis on Effects of Inclination on Impact Energy in a CR
Combined Body. According to equations (34) and (35), when the inclination α was large, particle elements were easily fractured, which led to a small volume density of unfractured particle elements when the CR combined body was damaged. In addition, in accordance with equations (36) and (37), the energy density of particle elements in the CR combined body showed a quadratic positive correlation with the strength σ cr of a CR combined body when failure occurred. Based on equations (10), the strength σ cr decreased with the increase of inclination α. erefore, the greater the inclination, the lower the strength of the CR combined body and the smaller the volume density and energy density of unfractured particle elements at failure.
is results in 
